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Sonic Boom Primer
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Introduction: Sonic Boom Modeling

sBOOM

* Propagation based on lossy Quasi-1D Burgers equation

op _ 0P 19°P ik 04 9(poco)
oo 6T+FW+Z v—ap- %PJ’LP

v=1 1 + 01/ E DA ZnnCn I AA VAN —
\
e Und I
° .\
s1gnz i
° ” .
Hori Iy
® ACCE - ‘e pmmmmm—. T
Acceﬁ,,.- "y ‘ , N 7\:
climl ,
. ' 0
*Dest. - DR
- ~ N | ‘JJ ‘L’,
- Unique 60 80
A —b ateral distance along ground, nmi

Figure source: “sBOOM Propagation for the Second AIAA Sonic Boom
Prediction Workshop” Aftosmis, M.J., Anderson, G. R., and Nemec, M.,
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Sonic Boom Calculation Overview

. CFD Domain cart3b Typically extract
AN FUN3D pressure data on a

e \]\] USM3D  cylinder 3BL in radius

&

ATMOSPHERlcg"":‘"'«... PCBoom Includes
PROPAGATION sBOOM atmospheric
Pro..pagaftion LMBOOM absorption, winds,
Dor il GACBoom... turbulence, etc
Loudness o) a IGNAL, :
Domain s Loudness metrics

LCASB including PLdB,
ASEL, etc

Wintzer AIAA 2015-2260
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Sonic Boom Modeling: Numerical Challenges

Ground
overpressure

(Pascals

32
30
28
26
24
22
20
18
16
14
12
10

8

6

4

2

)

Loudness
(dB)
— 92

— 90+1dB

— 86

80

7475+ 5dB
68

m
X

* Impact of an error of 2 Pa on a 90 PLdB signal may
be less than 1 dB

* The same error on a 75 PL.dB signal could be + 5 dB

* Mesh requirements and analysis uncertainty
increase as aircraft designs becomes quietet!

Idea Source: “sBOOM Propagation for the Second AIAA Sonic Boom Prediction Workshop” Aftosmis, M.J., Anderson, G. R., and Nemec, M., 2nd AIAA Sonic Boom Prediction Workshop, Jan 2017, Grapevine TX
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Motivation

* Recent CFD developments include output-based mesh adaptation to
resolve near-field as well as sonic boom loudness (ASEL)

AN /\/\/\/\/\/\/\T

FAN N\ /\/\/\/\/\/\/\/\/\/\/\7\
\/VVVVVVVVVVVVV AV VA V.4 AV, VA VAN VAN V 4

\ -

ININNNINNNNNNINN/N/N/NN/N/NAN/N

VY
ANANNNNNNNNNNNANNNN
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We are restricting ourselves
to spatial discretization
errors only in this talk

Ground Sonic Boom Signature



Sonic Boom Adjoints

* Sonic boom numetrical modeling: L Some other outbut
ome otner outputs
k, — Blokhintzev scaling term _ S d 1 51 .
A", B" — N, Relaxation matrices 4,,r, =B, ,q, e cutrently avalza <
A, 2, B,, — 0, Relaxation matrices At =B T Q. J= ( Pg,t)
A, 3, B, 3 — Absorption matrices S m T
f(t,) — Nonlinear terms p,=f(t,) * =3 (A Act)(Ae — Acyt)
L _
* Sonic boom discrete-adjoint equations:
r_ 0J, ¢ i T * Outputs/Objectives:
ﬂ’n — a kn+lB E
or 2 J = ASEL ] =P}
IBTAn X,T af 2
o, —2 0] _A(ASEL)|| o] _ .,
T 4n _ n = - g
V1 p, B; % apg apg apg
?/0 nAn _ 7/1 an
) —
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Sonic Boom Adjoints: LLoudness

&

.00 ft. ] — ASEL
1. d/ B d(ASEL)
dpg dpg

\I\[/\ﬁ 3 B Vertical distance from the aircraft 270.00 ft.
v
K l i nl
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I .| I | T R N R R | I T - - | 1 -
0.08 -0.06 0.04 0020 002 004 006 EEEES N
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= VNN
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o
- O O O = O N

N/ \ s
_1 : \/ ,\1
ot
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Time
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Sonic Boom Adjoints: Ground Pressures

—k
|01| T l\)\ |

—h
T

& .
Imlilol\lmlf

Scaled Pressure
o

= VNN
\N\ =

0.08 -0.06 004 -002 0 002 004 006
Time

-1f
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] = sz
d]
——=2P
dp, g
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Adjoint Sensitivities

* Adjoint sensitivities verified
* Great agreement with those from complex variable approach

Adjoint Gradient | Complex Gradient

2 -6.905038627775740  -6.90503861583487
] = ASEL 100 -2.090800737003511  -2.09080073325145
1000 12.717298769483072 12.71729876557384

2000 -5.460241220665764 -5.460241220578294

Adjoint Gradient | Complex Gradient

2 -0.233976119396085 -0.2339761 19345164
] =Ff 100 1.759314455499879  1.7593 14455758305
1000 16.769371001777564 16.769371001735749

2000 -6.488476197116740 -6.4884761971747344
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Adjoint Error Estimation

&

Residuals Solutions N
( Andn — kn Bn Pn-1 \ (1) n \ Ad] omnts
A)-- —)- - B —,- T ST =T
R = —,"’2,:," _)n an Up = 6_1," r [70 n 71 n IBO n O n
An,3rn — Bn,3rn I'n
\ ﬁn — fn ) \fn )

Truncation
error estimate

~ ;Y R(U
H = Coarse mesh Adjoint Error Correction 2( hn) ( hn)
/) = Embedded refined mesh

Interpolation from coarse

orid to fine grid
Remaining Error = |]h —];IZ + Z%’=1(F}gn)T R(UII”Zn)|
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Results: Sine Wave

. Slmple sine wave propagatlon no shocks

OUUI T | Near-field —— I Ground Signature

Overpressure (psf)

nNnNA

-020“ 10 40‘_7‘0 100 130 160 190 220 250 280 0120 40 60 80 100 120 140 160 180 200
Distance along sensor (feet) Time (ms)
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Results: Error in Ground Signatures, Sine Wave

* Function and adjoint error estimation for ground signature pressures
: : 2

H
: : J h
2.54 - Remaining-Error-Estimate
— p2 | |
] = Pg 1
S
L]
0 5
c
£
©
5
-1 %
o)
o
-2
-3

3 4 5 6 7
log(Sampling Frequency (Hz))
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Results: Error in Ground Signatures, Sine Wave

* Remaining error keeps dropping after adj olnt error correction

¢ ‘ Exact-Error
Remaining-Error-Estimate (Spline)
Remaining-Error-Estimate(Linear)
e N ,,,,,,,,,,,,,,,,,,,,,,,,,,
5
L]
o 0N
c 3
= 1
© %
= i
()] 'T ..........................
x |
o2 1
i
_22»‘44 ,,,,,,,,,,,,,,,,,,,,,,,,,,
_5 __________________________
2 6
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3 3)
Iog(SampLhng Frequency (Hz))

Remaining Error Estimate

N
Jn =i+ ) T R
n=1

\ J

. .
Adjoint Correction

Exact error

Jn —Ju
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Results: Error in Ground Signatures, Sine Wave

* Adjoint error bars keep decreasing with increasing sampling frequency

340

310 /

w [ /
P

c | 309
T 300 / ************************** =

= B2
308
280/ AR
o H o
/ 1 1 1 Jh / 3 1 Jh
________________________ ... Error-bars — | 307 o 1 i Error-bars

3 3) 3 5 6
Iog(SampLhng Frequency (Hz)) Iog(Samp?ing Frequency (Hz))

Adjoint Error Estimation During Prediction of Sonic Booms 24 June 2020




Results: Error in ASEL, Sine Wave

* Function and remaining error estimation for ASEL.
2 g w

V4 | JH 1.5
; h
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Remaining-Error-Estimate — 1
| | 0.5
0o £
| L
0.52
| =
3 ©
3 -1 &
i O
| 9
| -1.5O
O
-2
25
16 | 3
1 6 7

3 4 3)
log(Sampling Frequency (Hz))
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Results: Error in ASEL, Sine Wave

* Remaining error keeps dropping, but slowly

&

1. 3 Exact-Error
A Remaining-Error-Estimate (Spline) Remajning Error Estimate
g “Remaining-Error-Estimate(Linear)
0. ...................................................................................................................................

N
Jn=JE+ ) T RUHD
n=1

\ J
05 B NG S o '

Adjoint Correction

log(Remaining Error)

Exact error

b N R

3 4 5
log(Sampling Frequency (Hz))
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Results: Error in ASEL, Sine Wave

e Remaining error decreasing at a much smaller rate. residuals not dropping fast
g g ’ g

enough

4 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
9 S Error-bars — |

3 4 5
log(Sampling Frequency (Hz))
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Summary and Future Work

* sSBOOM enhanced to estimate error in sonic boom predictions by leveraging
discrete adjoint methodology

* Errors useful in predicting how much variability exists in the current solution
in determining metrics of interest

* Valuable to have a priori error estimates given the numerical discretization
setup

Future Work

* Loudness calculation at high sampling frequencies

* Investigate error stalling and improve performance

* Reduce memory footprint and improve efficiency

* Verify estimated errors via Error Transport Equations (ETEs)
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Thank You! — Any Questions?
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EXTRA SLIDES
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Adjoint Error Estimation

&

H = Coarse mesh
h = Embedded refined mesh

. Solution
Residual vector
. . vector o
A"(}’” - k"B"13)n_l [)n AdJOInt Vector
R = _)11.2 _:1 _)n.ZiI)n u, = zn r [7() . , ﬂ() i
All.3rn - Bn,3rn Fn
ﬁn - fn In

Adjoint Error Correction

zahnfR(Uhn)

_’T
() n

J

- dj(uf)
JW) = J(UE) + ) = (U = U
n=1 h,n
dr(UH
R(Un) = 0 ~ R(Uf,) + “RWan)

AUy

J(WUR) ~ J(UF)

dJ(U}i’ laR(Uz‘Zn) Rt

dUhn oUp n

dr(Uf,)  dj(Ufh

FH T
( h,Tl) d Uh’n d Uh’n

N
JW) = J(UE) = ) (@) RWH)
n=1

Remaining Error = |]h —];IZ + Z,ﬁ’:l(l“;ffn)T R(UIIZn)|
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Results: Error in LLoudness Metrics, Non-Sine Wave

* Shaped boom Waveform multiple shocks and dominant non-linear effects

s S T O T IO I N’é’é}lﬁé’l’d ”” — | 9> Ground Signature —
0008 04 3
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AHT 280 310 340 370 400 ®5 20 40 60 80 100 120 140 160 180 200
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Results: Error in LLoudness Metrics, Non-Sine Wave @

* Adjoint error estimate for loudness: ASEL

ASEL (dB)

ASEL —

| Adjoint-Error-Estimate

4[ 0 400 1600 6400 25600 102400 409600
Sampling Frequency (Hz)
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